Abstract: Dual-comb spectroscopy (DCS), without moving mirrors, enables fast optical sampling of molecular vibrations and results in high-resolution and high-accuracy Fouriertransform spectra. This motionless technique holds much promise in gas sensing and environmental monitoring. However, in many cases, these applications require a mature device continuously operating for days or even months, thus posing a challenge to long-term stability of this delicate technique. In this paper, we demonstrate the feasibility of DCS for long-term routine spectral monitoring. A compact dual-comb spectrometer is built based on adaptive sampling and simple frequency stabilization schemes. The spectrometer is ceaselessly recording and displaying, in real time, transmission spectra of a phase-shifted fiber Bragg grating and of gas-phase samples for over 1200 h (50 days). We spectroscopically validate the system by measuring absorption lines of ν 1 + ν 3 band of C 2 H 2 and of 2ν 3 band of CH 4 and comparing the experimental data with HITRAN database.
Introduction
Since its first demonstration in 2002 [1] , dual-comb spectroscopy (DCS) has rapidly evolved into a powerful tool for spectral analysis [2] - [23] . It harnesses two laser combs of slightly different repetition frequencies and produces a radio-frequency (rf) comb composed of distinguishable heterodyne beats. This rf comb carries spectral information of a sample that the comb(s) interrogates and can be precisely measured for quantitative analyzation of the sample. Indeed, DCS surpasses conventional Fourier transform spectroscopy for fast acquisition speed, high resolution and high accuracy and thus holds much promise in both laboratory research and field application [2] , [35] - [40] .
DCS with a wavelength-tunable cw laser and electro-optic modulators has been demonstrated as a simple and effective approach to gas sensing [29] - [34] . Simultaneously interrogating many absorption lines across a broad spectral range at a sub-GHz resolution poses a challenge to this method due to its limited number of comb lines. On the other hand, on-chip DCS systems have been intensively reported in recent years [24] , [25] . Their line spacing of several to a hundred of GHz, however, may not suit the purpose of directly resolving absorption lines of a gas-phase sample. Until now, fieldable DCS for long-term monitoring of multi-species gas has mostly reported with fully stabilized mode-locked laser combs [36] - [40] . The feasibility of DCS for outdoor remote sensing has been demonstrated with the system continuously operating for a few days [37] - [40] . For applications like routine monitoring of a gas leak, such a fieldable DCS instrument of long-term stability is of great use. However, most DCS systems are delicate and sensitive to environmental fluctuations. For DCS, unceasingly measuring spectra for months remains challenging and has not yet been experimentally tested. In this paper, we present a robust and compact DCS system with a good consistency in spectral measurements for over 1200 hours. In our system, two fiber laser combs in the telecommunication region are loosely stabilized with very basic phase-lock loops. Further suppression of relative phase noise and timing jitters of the combs is achieved by an adaptive sampling method [26] - [28] . Spectroscopic validation of our device is carried out by measuring transmission spectra of an ultra-narrowband phase shift fiber Bragg grating and gas-phase samples.
Experimental Details
Our dual-comb system is diagrammed in Fig. 1 . Two self-starting SESAM-mode-locked PM erbiumdoped fiber lasers [38] , [39] at slightly different repetition frequencies around 66.14 MHz (marked as comb A and B, respectively) are harnessed. The initial output spectrum of each laser is centered at 1550 nm with a full width at half maximum (FWHM) of ∼25 nm (>100 mW) and is further broadened in a 10-cm-long highly nonlinear fiber (HNLF-PM, OFS), producing a spectrum spanning from 1400 to 1700 nm (176.35 to 214.14 THz). One of the laser comb passes through a sample and combines with a local oscillator (the other laser) through a 50/50 beam splitter for optical multiheterodyne detection on a balanced InGaAs photodetector (PDB465C, Thorlabs). The detector outputs a DCS interferogram which is electronically low-pass filtered and amplified after a time delay line. The interferogram is mixed with a phase error signal and then digitized by a fast acquisition card (ATS9462, 16 bits, AlazarTech). The phase error signal is produced by 3f m − 2f n (= 35 MHz), where f m (f n ) is a beating signal between the mth (nth) lines of comb A and B (m and n are comb mode numbers, m > n). In order to compensate for the relative timing jitter between the two combs, the acquisition card is clocked at 8f m − 8f n (∼ 80 MHz). For producing the signals of f m and f n , two narrow-linewidth (<3 kHz) cw lasers (RIO ORION), each of 10 mW, centering at 1564 nm (191.68 THz, labeled as cw 1 in Fig. 1a ) and 1550 nm (193.41 THz, cw 2 ), respectively, are utilized. The beat notes between the two cw lasers and the two combs (f 1−A , f 1−B , f 2−A and f 2−A ) are electronically band-pass filtered (bandwidth of 2 MHz) for isolating unwanted signals and lowfrequency noise. Though the cw lasers act as an intermediate between the two combs and their relative frequency drifts against the combs are cancelled out when mixing these beat notes, the drifts may push the beating signals out of the filtering windows, making the adaptive system invalid. A comprehensive behavior of the beat note f 1−A , the beating signal between the cw 1 and the comb A, is measured over 10 mins with a frequency counter (0.1-s gate time, 53131A, Keysight). The result is shown in Fig. 2a . The beat note drifts more than 20 MHz within 600 s, making long-term dual-comb measurements not possible.
Impacts of possible variables on these beat notes is experimentally investigated. The measurements are carried out for f 1 measured by a patch-type thermometer and controlled by a thermo electric cooler (TEC) device. The fiber cavity is tightly stuck on the TEC plate. Note that for each measurement the other variables are kept unchanged.
For long-term operation of our DCS system, the repetition frequency of each comb is stabilized by locking its 10th harmonic against a rf signal generator (SMC100A, R&S) with an intracavity piezoelectric ceramic transducer (PZT) [41] , [42] . Meanwhile, each pump diode is set to the constant power mode. The beat note f 1−A drifting with room temperature is measured within two days (48 hours) and displayed in Fig. 2e . The beat note is tracked with the rf spectrum analyzer and shows a similar tendency with the comb temperature. The TEC is off for this test and the comb is placed in an office room where temperature is controlled with an ordinary air conditioner. To reduce the temperature induced frequency drifting, the beat note f 1−A is used for producing an error signal controlling the pump power as well as the TEC of comb A. The TEC feedback loops are slow but capable of preventing the long-term frequency wander and releasing the burden of the feedback loop based on modulating pump power. The stabilized beat note measured with the frequency counter for 6 days (144 hours, 1-s gate) is shown in Fig. 2f . Though the standard deviation of f 1−A is about 300 kHz, it constantly stays in the filtering window (2 MHz) and the noise at high frequencies can be cancelled out in the adaptive sampling process. Moreover, all of our devices are synchronized to a Rubidium frequency standard (SIM940, SRS). In like manner, f 1−B is loosely stabilized through the TEC of comb B. f 2−A (= 15 MHz) is used for locking the f 2 against comb A through the current control of cw 2 . In such way, f 2−B (= 25 MHz) becomes less fluctuating (within 1 MHz for 144 hours) without any other measures. It has to mention that the PZTs used in our fiber lasers are common products with a response bandwidth of <1 kHz and the electronic phase-lock loops are home-made with a very basic and simple design. Nevertheless, they successfully keep the beat notes inside a small frequency range for at least 1200 hours (data in Fig. 6 ) in an ordinary room environment, making long-term operation of adaptive DCS possible.
Results
For characterization of our DCS system, transmission spectra of a narrowband phase-shift fiber Bragg grating (PFBG, Poisson Photonic Inc.) at 1533.62 nm (195.48 THz) are measured. The PFBG is placed on a temperature-controlled TEC surface in a small incubator. The results are shown in Fig. 3 . The difference of repetition frequencies of the combs, f r , is 180 Hz. The two combs are spectrally filtered (3-nm bandwidth) at 1535 nm for the measurements. Interferograms of 400 ms are recorded and Fourier-transformed to a comb-line resolved PFBG transmission spectrum. A portion of the spectrum is shown in Fig. 3a (blue and green) . The maxima of 1600 comb lines (Fig. 3a) are joined and displayed as the red line. As a comparison, a spectrum measured with an optical spectrum analyzer (AQ6370D, Yokogawa) at its highest resolution of 0.02 nm (∼2.5 GHz) is shown as the gray line. A zoom-in of the dual-comb spectral center is shown in Fig. 3b . The spectral width of the transmission peak of the PFBG is measured to be 600 MHz or 4.7 pm (about 9 comb lines). For absolute frequency calibration of DCS, the frequencies of the two cw lasers (cw 1 and cw 2 ) are measured by beating them with a self-referenced fiber comb. The frequency uncertainty of this measurement is estimated to be a few MHz (within ten minutes), considering the frequency drifts of the cw lasers.
A further expanded view of the comb lines are depictured in Fig. 3c and d. The comb linewidth is measured to be 4.6 Hz in rf domain and 1.7 MHz in optical domain, which reaches the Fourier transform limit set by our measurement time of 400 ms with a triangular apodization. Longer measurement time of 1.3 s shows a rf comb linewidth of ∼1.37 Hz (not shown), indicating an excellent relative coherence between the two combs (at least >1 s). The signal-to-noise ratio (SNR) for the comb lines in Fig. 3c is ∼350 (for 0.4 s) , defined by a line peak divided by standard deviation (SD) between two adjacent lines. The SNR is found scaling as the square root of measurement times (measured for 700 spectra within 280 s, each of 0.4 s). The average SNR at 1 s for the comb lines across the 3-nm-wide ( ν ∼ 383 GHz) window is ∼ 450 Hz 1/2 . Considering the spectral elements of M = ν/f r (∼ 5790), figure of merit (FOM = M × SNR at 1 s) in our case is around 2.6 × 10 6 Hz 1/2 , at the same level of other well-established DCS systems [2] . Our system is also capable of coherently averaging in time domain [43] - [45] . We simply add ten thousand of successive interferograms in real-time and plot it with a single-shot trace in Fig. 4 . For the measurements, the difference of the offset frequencies of the two combs is set to an integer multiple of f R . The interferograms are normalized to their center bursts and the time-domain SNR is calculated as the reverse of SD of the data far away from the center (shown in the zoom-in of Fig. 4a ). The SNR scales as the square root of the averaging numbers (inset of Fig. 4a ). For example, the SNRs are about 200 for the single measurement and 1.85 × 10 4 for the co-addition of 10 4 interferograms, respectively. The 10 4 -fold averaging takes 55.56 s and no sign of saturation for SNR is found, implying an excellent mutual coherence between the two combs, far beyond 1 s indicated by the comb linewidth, with our real-time phase correction scheme. The interferograms (Fig. 4b) recorded with a gas cell of acetylene in the beam path of comb A show a bunch of modulations caused by interferences between different ro-vibrational transitions of the absorber. For the measurement, the two combs are spectrally filtered at 1535 nm with a FWHM of 5 nm.
Furthermore, the time-domain averaged beating signal is Fourier-transformed to reveal the spectrum in the optical frequency domain. In Fig. 5a , partial absorption lines from P branches in ν 1 + ν 3 band of acetylene around 1533 nm is displayed in a window from 1532 to 1537 nm (195.05-195 .69 THz). The spectral baseline is removed by using a spectrum recorded without the absorber. The total measurement time for the spectrum in Fig. 5a (blue) is 55.6 s (each interferogram of 0.8 ms, dwell time of 4.76 ms) with an apodized resolution of 820 MHz (6.43 pm) in optical domain. The pressure of the sealed gas cell is 70 kPa (10% uncertainty) and the cell length is 10 cm. The gas temperature is 295.1 K (0.1-K uncertainty). A simulation spectrum for acetylene lines in this region (1532-1537 nm) based on parameters provided by HITRAN (High Resolution Transmission Molecular Absorption Database) is calculated and displayed (red curve). In our simulation, the absorption lineshape is based on a Voigt function. The difference between our experimental data and the simulation is analyzed with a calculated SD of ∼1.7%. Dual-comb transmission spectrum for 92-kPa methane (CH 4 ) gas is measured (Fig. 5b, blue) . Absorption lines of 2ν 3 band of CH 4 are partially revealed in a spectral filtering window of 6 nm (∼680 GHz). The deviation of the dual-comb data relative to the simulation (red, in Fig. 5b ) is calculated as SD of ∼1.6%. We have to mention that such deviation is possibly caused by the uncertainty of the absolute frequency measurements in our experiment and the facts that the Voigt profile may not suit our case very well and the parameters of the gas cell are not precise.
For evaluation of long-term performance of our system, spectral data of the temperaturecontrolled PFBG are continuously acquired and displayed for over 1200 hours (50 days). The data acquisition, computation and display are carried out automatically by a home-written Labview program. The time evolved transmission spectra of the PFBG are plotted in Fig. 6 . Each spectrum with an optical resolution of 410 MHz (3.3 pm) is obtained within about 1 minute by time-domain averaging of 10 4 spectra (each recorded in 1.6 ms and a dwell time of 3.96 ms). For the display in Fig. 6a , the spectra are randomly chosen (each per day) from the data of 50 days. More spectra in a plotted spectral range of 12 GHz are displayed as a two-dimension color map in Fig. 6b . The fluctuation of PFBG maximum transmittance relative to its mean value in percentage (blue squares) and deviation of center frequencies (red dots) are analyzed and shown in Fig. 6c . The SDs for the varying transmittance and center frequencies are 1.7% and 6.4 MHz, respectively. The 6.4-MHz frequency deviation is much less than the spectral resolution as well as the PFBG center linewidth (∼600 MHz) and the spectra measured in 1200 hours show a good consistency considering that spectral feature of the PFBG itself is not unchanged.
Conclusion
In conclusion, we demonstrate a robust dual-comb system based on adaptive phase correction and active frequency stabilization for long-term spectroscopic monitoring. The system is validated by measuring transmission spectra of an ultra-narrowband PFBG at comb-line-resolved sub-picometer resolution (66.14 MHz) and of gas-phase samples at sub-GHz resolution. The spectral data of the gas samples are generally consistent with HITRAN database. Furthermore, the PFBG is spectroscopically monitored by our dual-comb system for over 1200 hours with a consistent performance in spectral measurements. Our DCS system, without accurate cavity control and exquisite care, demonstrates great potential for industrial and environmental use.
